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PXD003519. Ninety proteins were identified only in neurons, 260 proteins only in the BBB and 261 proteins in both cell types. Bioinformatics analyses revealed that repair processes, mainly related to synaptic plasticity, are outlined in microdissected neurons, with non-exclusive important functions found in the BBB. A total of 30 proteins showing p<0.05 and fold-change>|2| between IC and CL areas were considered meaningful in this study: 13 in neurons, 14 in the BBB and 3 in both cell types. Twelve of these proteins were selected as candidates and analyzed by immunohistofluorescence in independent brains. The MS findings were completely verified for neuronal SAHH2 and SRSF1 while the presence in both cell types of GABT and EAA2 was only validated in neurons. In addition, SAHH2 showed its potential as a prognostic biomarker of neurological improvement when analyzed early in the plasma of ischemic stroke patients. Therefore, the quantitative proteomes of neurons and the BBB (or proteotypes) after human brain ischemia presented here contribute to increasing the knowledge regarding the molecular mechanisms of ischemic stroke pathology and highlight new proteins that might represent putative biomarkers of brain ischemia or therapeutic targets.
Introduction
Stroke is currently a leading cause of death and disability worldwide. Ischemic stroke represents ~85% of all stroke cases and is characterized by the impairment of blood flow to a specific region of the brain parenchyma caused by the occlusion of a cerebral artery (1) . During ischemia, a complex cascade of events is triggered by the lack of oxygen and nutrient supply. This process includes an increase in excitotoxicty and oxidative stress, an exacerbated inflammatory response and the disruption of the bloodbrain barrier (BBB). Finally, rapid cell death and tissue injury lead to a loss of neurological function (2) .
Prompter and more accurate diagnosis of stroke relies mainly on neuroimaging and is essential for prescribing the most adequate primary treatment, currently based on reperfusion strategies (3, 4) .
Although effective, these therapies are given to a small number of ischemic stroke patients, due to their narrow therapeutic window and some contraindications. Besides, and unfortunately, neuroprotective therapies have systematically failed when tried in a real clinical setting (5); thus new therapeutic targets are still needed for stroke patients. In relation to diagnosis, in spite of their relatively wide availability, neuroimaging devices are not easily accessible in certain scenarios such as primary healthcare centers, pre-hospital settings or developing countries. The use of molecular biomarkers to rapidly distinguish ischemic stroke from other neurological disorders represents a plausible and affordable tool, especially in those situations (6, 7) . Besides, stroke biomarkers have also shown evidence of their potential usefulness at other management stages of stroke patients such as the evaluation of post-stroke prognosis and complications (8, 9) .
During recent years, the identification of multiple proteins related to the mechanisms underlying brain ischemia has been boosted by the development of new proteomic approaches (10) . Most of these approaches are based on the examination of body fluids such as serum, plasma or cerebrospinal fluid.
However, the exploration of protein dynamic changes directly in the injured tissue might aid in unraveling new pathophysiological processes allowing the discovery of potential therapeutic targets and new putative biomarkers after the translation of these alterations from tissue to biological fluids (11) (12) (13) . Following this reasoning, cerebral tissue homogenates have been examined in the context of ischemia in human samples (14, 15) and in stroke experimental models (16, 17) . However, when tissue homogenates are analyzed only global changes in the protein expression profile can be identified and the alterations in protein expression at a particular cellular level are not considered. Following a cell isolation approach based on laser microdissection (LMD), our group previously described ischemia-related changes in matrix metalloproteinase (18) and in chemokine (19) expression profiles in neurons and vascular cells dissected from human brain parenchyma.
The main aim of the present study was to define the quantitative proteome of different components of the neurovascular unit after ischemic stroke (or the proteotypes of particular brain cell types after ischemia), following an approach that couples LMD and label-free MS quantification. As a secondary objective, we tested the performance of validated proteins for use as diagnostic or prognostic blood biomarkers for stroke.
Experimental procedures

Experimental design and statistical rationale
This study was divided into two main parts: a first discovery and validation experiment in human brain samples and a second pilot exploration of some brain biomarker candidates in blood samples from stroke 5 patients. Details about demographics, sample size and the internal controls considered in each experiment are given below together with a complete explanation regarding the statistical analyses performed in each step.
Individuals and sample collection
Human brain tissue samples
Twelve patients who died due to an ischemic stroke were included in this study, based on the availability of specimens in our brain tissue collection. Briefly, postmortem tissue samples from the infarct core (IC) and the contralateral (CL) areas were collected within the first hours after death by an experienced neuropathologist supported by computed tomography imaging. Similar specimens of approximately 2 cm 2 , 1 cm thick were preserved either immediately by snap freezing in liquid nitrogen or fixed for 24 hours with 4% paraformaldehyde (PFA) at 4ºC followed by 24 hours sucrose dehydration at 4ºC; afterwards, in both cases samples were stored at -80ºC until use. Brain tissue from the IC and CL areas was also collected after being fixed into 10% buffered formalin for 3 weeks and embedded in paraffin blocks. Table   1 shows the demographic and clinical data of the patients as well as the phase of the study in which each sample was employed.
Blood samples
All included patients were consecutively admitted into the emergency department of the Vall d'Hebron University Hospital (Barcelona, Spain) from December 2013 to August 2014 within the first 6h after neurological symptoms onset and with stroke suspicion. On admission, all patients underwent a standardized protocol of brain imaging for the differential diagnosis of ischemic stroke or stroke-mimicking conditions. Trained neurologists performed a neurological severity assessment by means of the National Institutes of Health Stroke Scale (NIHSS), functional state assigned using the modified Rankin scale (mRS) and etiological classification following the TOAST definitions (20) and demographic and clinical data were also obtained. When eligible, ischemic stroke patients received the standard thrombolytic treatment [intravenous 0.9 mg/Kg recombinant tissue-plasminogen activator (rt-PA)] and/or mechanical thrombectomy to remove the arterial clot.
Peripheral blood samples were drawn on admission and always before any treatment was administered.
EDTA plasma and serum were separated by centrifugation at 1,500 g for 15 min at 4ºC and aliquots were stored at -80ºC until use. From this codified blood collection, and based on sample availability, 45 ischemic stroke patients and 13 patients with stroke-mimicking conditions were retrospectively selected.
Additionally, 8 subjects free of brain lesions from the ISSYS cohort (21) were also included as controls.
Ethics statement
The 
Laser microdissection (LMD)
Henceforth, all materials were purchased from Sigma-Aldrich (USA) unless the contrary is stated.
Snap frozen brain samples were embedded in Tissue-Tek OCT (Sakura Finetek, USA) to be cut into 10 μm-thick sections using a HM505E cryostat (Microm International GmbH, Germany). Sections were mounted onto ultraviolet-irradiated 2 μm polyethylene naphthalate membrane slides (MicroDissect GmbH, Germany) and stored at -80ºC for less than one week with silica desiccant pads.
Rapid fluorescence detection of brain structures was performed following the procedure previously described (18) . Neurons were immunostained using a mouse anti-neuronal nuclei antibody (NeuN, 1:50; cat.#: MAB377, Millipore, USA) and a secondary anti-mouse antibody (AlexaFluor®568, 1:50; cat.#: A11004, Invitrogen, USA) while endothelial cells from brain microvessels were stained using a FITC conjugated Ulex europaeus agglutinin I (UEA-I, 1:20; cat.#: L9006). Immediately after staining, LMD was performed on individual cells, either neuronal bodies or BBB structures. The term "BBB structures" is used instead of "endothelial cells" because astrocytes' end-feet and pericytes are closely related to endothelial cells and as a result brain microvasculature cannot be completely isolated (22, 23) . The 20x objective of a LMD6000 microscope (Leica Microsystem, Germany) was used to dissect the cells in a contact-free manner into dry 0.65 mL tube caps (Sorenson BioScience, USA) at a power of 45 KW, an aperture of 11 and a speed of 14 ns for a maximum of 4.5 hours. Approximate total areas of 10 6 μm 2 for neurons (~2,500 cells) and BBB (~4,000 units) were collected from both IC and CL areas in 60 μl of 0.1%
Rapigest surfactant (Waters, USA) in 0.1M triethylammonium bicarbonate (TEAB). Samples were sonicated on ice at 70% amplitude for intervals of 10 seconds for a total of 2 min and stored at -80ºC until 7
use. An equivalent area of polyethylene naphthalate membrane pieces without brain tissue was also dissected as a negative control.
Proteomics analysis
Sample preparation
A total of 30 μl of each sample enriched in human neurons or BBB structures were reduced with 2 μl freshly prepared 50 mM Tris(2-carboxyethyl)phosphine (TCEP) for 1 hour at 60ºC, alkylated with 1 μl freshly prepared 400 mM iodoacetamide (IAA) for 30 min at room temperature under agitation in the dark, and finally digested with 2 μl 0.05 μg/μl trypsin (Promega, USA) in 0.1M TEAB overnight at 37ºC.
Afterwards, Rapigest was removed from the preparation by precipitation with 20 μl 3.5% TFA for 1 hour at 37ºC. The same process was followed for LMD negative control samples. All samples were centrifuged for 20 min at 13,000 g and supernatants were dried under vacuum. Samples were solubilized in 300 μl 5% ACN 0.1% formic acid (FA), purified using microspin C18 columns (Harvard Apparatus, USA)
according to the manufacturer's instructions and dried again under vacuum. Lyophilized samples were solubilized in 20 μl 5% ACN 0.1% FA, centrifuged for 5 min at 14,000 g, transferred to a sample vial and frozen at -20ºC until use. For MS survey scans, the Orbitrap resolution was set to 60,000 and the ion population was set to 5 × 10
LC-MS/MS analysis
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Up to five precursor ions were selected for CID in the LTQ. The ion population was set to 10 4 with an isolation width of 2 m/z. The normalized collision energies were set to 35% for CID. Gas phase fractionation (GPF) (24) was performed using four mass ranges for data-dependent MS/MS selection.
The GPF ranges were the following: 400-520 m/z; 515-690 m/z; 685-979 m/z and 974-2000 m/z.
Complete MS raw data have been uploaded to the ProteomeXchange Consortium through the PRIDE repository (25) with data identifiers PXD003519 and 10.6019/PXD003519. Furthermore protein and peptide identifications in both neurons and the BBB are provided as Supplementary Data S1.
Protein quantification and identification
Progenesis ® QI for proteomics software v3.0 (Nonlinear dynamics, UK) was used for MS data analysis using default settings. In this study, neuron and BBB samples were considered as independent experiments and were analyzed separately. Each GPF range was analyzed independently and all MS runs were automatically aligned to an automatically selected reference sample with manual supervision and they were automatically normalized to all features. Only non-conflicting features within the 400 to 1,500 m/z range, 20 to 80 min retention time and with positive charges between 2 to 7 were considered for identification and quantification. Peak lists were generated by Progenesis and analyzed using the Mascot search engine (v2.2, Matrix Science, UK). Protein identification was carried out using the SwissProt-human database (2017_01: 20,171 entries), setting precursor mass tolerance to 10 ppm and fragment mass tolerance to 0.6 Da. Oxidized methionine was considered as variable amino acid modification and carbamidomethylation of cysteines as fixed modification. Trypsin was selected as the enzyme allowing up to one missed cleavage. Significant threshold for protein identification was set to p<0.05 for the probability-based Mascot score and at least 2 spectra per peptide.
Finally, the four GPF fractions were combined into one single Progenesis experiment. Label-free protein abundance quantification was based on the sum of the peak areas within the isotope boundaries of peptide ion peaks. To allow comparison across different sample runs, the abundance of each protein was normalized to all proteins. All proteins showed a coefficient of variation (CV) in their abundance higher than 20% across biological replicates (i.e. IC and CL all together for each protein). Thus, all proteins were considered to be analyzed with a paired parametric statistical test, comparing IC and CL areas in both neuron and BBB experiments. Only those proteins quantified and identified with at least 2 unique peptides, a p-value <0.05 and a fold-change >|2| were considered meaningful for further analyses. Fold-change was calculated by dividing the highest mean normalized protein abundance by the lowest mean normalized protein abundance. We added a minus sign (-) when the highest abundance was found in CL area to indicate that protein levels were lower in the IC area. Furthermore, false discovery rate (FDR) using the Benjamini-Hochberg procedure was calculated accounting all proteins identified with at least 2 unique peptides, for each dataset (R software (3.3.2, R development core team 2012; Austria), multtest R package).
Bioinformatics analysis
Proteins identified with at least 2 unique peptides in neurons and BBB experiments were analyzed separately through core analyses using QIAGEN's Ingenuity ® Pathway Analysis (IPA, QIAGEN, USA). To that end, overlap p-values were calculated by right-tailed Fisher's exact test, adjusted by BenjaminiHochberg multiple testing correction and considered significant at an adjusted p-value <0.05 (likewiselog(p-value)>1.3). Moreover, z-scores to predict activation or inhibition of a particular network, pathway or upstream regulator were calculated based on the overlap between uploaded datasets and IPA Knowledge
Base; a cut-off of unbiased z-score ≥|2| was applied to consider this prediction significant. Afterwards, both analyses (neurons and BBB) were compared side-by-side.
Immunohistofluorescence
After the proteomics analysis, protein candidates were chosen to be verified by means of immunohistofluorescence analysis of brain tissue samples obtained from new patients (Table 1) .
Candidate selection was performed based on MS data statistical analysis results and on the availability of commercial antibodies.
Depending on the validated antibody application, samples fixed into PFA (12 μm cryosections) or paraffinembedded (3 μm sections) were used within one month after cutting. PFA samples were fixed in coldacetone for 15 min before washing in 0.1% Tween-PBS (TPBS; Gibco, USA) for 5 min while a standard deparaffinization protocol was performed in paraffin-embedded samples, with a final wash in 0.1%
Tween-TBS (TTBS).
Antigen retrieval using a citrate buffer (pH 6, 95ºC) for 20 min was performed in all paraffin-embedded samples and in some PFA-fixed samples according to antibody manufacturer instructions. Each sample was assayed twice and the mean value was used. Samples with a coefficient of variation (CV) between duplicates higher than 20% were excluded and samples with values under or over the detectable range of the assay were given the limit of detection value or the highest readable value, respectively. In each 96-well plate, a commercial sample pool was assayed in quatriplicates to be used as inter-assay control (plasma from Innovative Research, USA, cat.#: IPLA-N; serum, cat.#: H16914).
Statistical analyses
Analyses were performed with SPSS 17.0 software (SPSS Inc, USA) unless stated otherwise.
In the case of SRSF1, the inter-assay CV was higher than 20% and thus values were standardized prior to statistical analysis by calculating the Z-score value for each assay kit (in which different patient groups were equally distributed), by subtracting the mean and dividing by the standard deviation (SD) and adding two units to avoid negative results to each sample.
The primary endpoints to be analyzed were 1) differential diagnosis of stroke when compared to strokemimicking conditions and controls, and 2) early neurological outcome prediction in ischemic stroke patients, with neurological improvement/worsening defined as a decrease/increase in the NIHSS score by 4 or more points at 24h or 48h from admission (27) .
The Kolmogorov-Smirnov test was used to assess normal distribution of the data (p>0.05); as non-normal distribution was found Kruskal-Wallis or Mann-Whitney U tests or Spearman's correlation were applied. Cut-off points for biomarkers associated with an endpoint were obtained from their receiver operator characteristic (ROC) curve to discriminate early neurological improvement with the optimal accuracy (both sensitivity and specificity). To assess the independent association of biomarkers, a multivariate logistic regression model was built by the forward stepwise method with clinical variables associated with the endpoint at p-value<0.1. Subsequently, dichotomized values of biomarkers were added to the clinical regression model by the enter method. Odds ratios adjusted by age and sex (ORadj) and 95% confidence interval are given. Finally, the discriminative potential of both predictive models was compared by
DeLong's method using the areas under the ROC curve (AUC) of only clinical or clinical + biomarkers models (pROC R package). Moreover, the integrated discrimination improvement (IDI) index was calculated to assess the added value of biomarkers to the clinical predictive model (Hmisc R package).
In all cases, a p-value <0.05 was considered significant at a 95% confidence level.
Results
A summarized workflow chart of the whole study is shown in Figure 1A .
LMD-proteomics
The specific changes that occur under ischemia in neurons and BBB structures were determined from the differential protein profile obtained between IC and CL areas of these microdissected cell types. A total of 43.3% of the quantified proteins were identified with at least 2 unique peptides: 365 proteins were identified in neurons and 539 proteins were identified in the BBB (Supplementary Table S1 ). After statistical analysis of the MS data comparing both brain areas, the FDR for those proteins showing a pvalue<0.05 was 27% in the neurons and 69% in the BBB. To focus on the most biologically meaningful changes in the IC brain area, a p-value<0.05 and a fold-change>|2| were applied to highlight the candidate proteins in each dataset: 55 proteins in neurons and 23 proteins in BBB ( Figure 1B ).
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Bioinformatics analysis
The proteotypes of neurons and the BBB revealed some common but also diverse information about the biological processes and molecular functions taking place under brain ischemia in these two main structures. Clearly, the citric acid cycle (-log(B-H p-value) = 9.87) and mitochondrial function (-log(B-H pvalue) = 2.67) were particularly altered in the microdissected neurons while any relevant canonical pathway showed up as exclusive to the BBB (Figure 2A ). Cell assembly,organization and interaction together with cell death appeared as the foremost altered biological functions in both neurons and BBB proteotypes ( Figure 2B ). In-depth analysis showed changes in cell assembly and interaction processes as being consistent for the neuronal dataset, where several IC-upregulated proteins were revealed as regulators of plasticity processes (including upregulation of neuritogenesis, elongation of axons and supression of synaptic depression) ( Figure 3A ). Furthermore cell death in the cerebral cortex was the top function predicted to be activated in both neurons and the BBB (z-scores of 2 for neurons and of 1.96 for BBB) ( Figure 3B ). Interestingly, adenosine receptor A2a (ADORA2A) was predicted as activated upstream regulator of several IC-upregulated proteins in neurons (z-scores of 2.05). These upregulated proteins were again related to cell organization processes involving production of cell energy, cytoskeleton and transport through vesicles ( Figure 3C ).
Moreover, cell organization, assembly, interaction and signaling processes were found again to be important in ischemic neurons as 3 top networks were created with mostly IC-upregulated proteins.. The top networks for neurons and BBB proteotypes are shown in Supplementary Figure S1 .
Verification of candidates
From the lists of proteins meaningfully altered by ischemia in neurons and BBB structures, focus was set on those proteins showing a cell-specific response to ischemia, i.e. being exclusively identified in one cell type, and those proteins performing equally under ischemia in both cell types studied (i.e. global ischemia response). Table 2 shows the list of 30 proteins fulfilling these criteria from where 12 proteins were chosen to be verified by immunohistofluorescence in new human brain samples. In our study, 6 out of 12
antibodies showed poor performance and regrettably these proteins could not be assessed in this phase of the study.
For the other candidates, RASK was detected in vessel structures, in contradiction to our MS findings, and thus it was not further evaluated. PADI2 was correctly found in the BBB structures of the IC but inconsistently across different patient samples. Furthermore, of those candidates found to be altered in both cell types studied, GABT was found raised in most IC samples but only in the neurons and EAA2
was more abundant in the neuronal bodies, with an intense signal surrounding the nuclei, than in the BBB but with an unclear expression pattern throughout IC and CL samples (data not shown).
As expected, SAHH2 and SRSF1 were both identified in neurons showing higher expression levels in the IC when compared to the CL area. Specifically, the SRSF1 signal was gathered in the neuronal body showing a shift from the nucleus to the cytoplasm in the IC, whereas SAHH2 was detected in the neuronal bodies and also in the axons ( Figures 4A and 4B ).
Blood biomarker exploration
Finally these two completely verified candidates in the brain tissue were further explored as diagnostic and prognostic biomarkers for stroke in blood samples obtained within the first 6h after symptom onset.
Circulating levels of SAHH2 and SRSF1 were not influenced by age, sex or any other clinical factor (data not shown) but they did not show any role as diagnostic biomarkers when their quantified levels were compared between ischemic strokes, stroke-mimicking conditions and controls (Supplementary Table   S2 ).
Those ischemic stroke patients showing a neurological improvement at 24h, who had higher blood pressure values, higher NIHSS scores at admission and were more frequently treated with rt-PA, had lower circulating levels of SAHH2 at admission than patients whose condition did not improve (968.9 vs.
1498.9 pg/mL, p=0.031). No differences were observed for SRSF1 (Table 3) . Once SAHH2 was dichotomized by a cut-off of 993.23 pg/mL (89% sensitivity, 58% specificity) and introduced in the multivariate clinical model, low admission circulating levels of this biomarker showed up as an independent predictor of neurological improvement at 24h. Moreover, when SAHH2 was included together with clinical data into this predictive model, the discrimination between groups of patients increased, with an AUC up to 0.874 and, globally, the prediction of improvement was significantly increased by 20% when compared to the clinical model alone (p=0.032) ( Table 4) .
Similar results for admission levels of SAHH2 were obtained for neurological improvement measured at 48h after stroke onset (Table 4; Supplementary Table S3 shows demographic and clinical data associated with this endpoint). At this time-point, rt-PA treatment was the only variable being included in the clinical regression model. However, this model was not considered clinically meaningful (i.e.
assessing the prognostic value of the biomarker at admission before deciding whether rt-PA treatment should be given) and thus a basic model including NIHSS score was built, as shown in Table 4 .
Nonetheless, dichotomized SAHH2 levels remained as an independent predictor even when rt-PA was entered into the model (data not shown).
Further assessment showed no association between SAHH2 baseline circulating levels and mortality (15.5% deaths in this cohort, average time from stroke onset to death of 6.43±4.96 days).
Discussion
Previous studies assessing the changes in the protein expression profile after human cerebral ischemia were based on MS analysis of the whole cerebral tissue (14, 15) or explored the expression of targeted molecules in specific isolated cell types (18, 19, 28) . The study being presented here explored, for the first time, the proteome of neurons and BBB structures isolated by LMD from human brains after stroke following a hypothesis-free analysis based on label-free MS. Moreover, we applied a GPF approach dividing the m/z range in MS2 in order to maximize the protein identification rate when performing a data dependent acquisition in this type of samples with low protein amounts (24, 29, 30) .
The coupling of LMD and proteomics for the analysis of specific cell populations has been previously considered in the context of multiple human brain disorders such as Alzheimer's (31-33), multiple sclerosis (34) and different types of tumors (35, 36) . In the present study, this type of analysis was considered especially appropriate to assess proteotypic changes in ischemic stroke, a pathology in which each component of the neurovascular unit presents a different response to the ischemic insult (2) . These different responses were evidenced in the datasets presented here with sets of proteins being altered in both isolated cell types as well as neuron-specific and BBB-specific proteins also being altered.
Pathway-based bioinformatics analysis helped to envision those processes and functions that are relevant to the pathophysiology of stroke and those that only affect one cell type in particular. The alteration of the citric acid cycle and the mitochondrial function after ischemia exclusively in the neurons might be related to repair mechanisms, as supported by other highlighted biological processes such as synaptic plasticity. The upregulation in the IC region of 50% of the enzymes involved in the citric acid cycle (known to be activated by increased Ca 2+ levels (37)) and of some of the proteins belonging to the electron transport chain indicates an increase in the production of cell energy as adenosine triphosphate (ATP). This energy would be required, among other processes, for neuronal mitochondria remodeling by fission, which under an ischemic insult is activated by increased Ca 2+ and free radicals (38) . Mitochondrial fission is mainly orchestrated by dynamin-related protein 1 (DRP-1 or DNM1L; found upregulated in our experiment), and this protein is involved in several biological functions: synaptic plasticity, autophagy (linked to neuroprotection) and apoptosis (the last step of preventing brain damage) (reviewed in references 39 and 40). ADORA2A was predicted to be an upstream regulator found in the bioinformatics analysis. It is one of the two brain adenosine receptors and it increases intracellular cAMP levels, regulates blood flow and reduces inflammation and is known to be upregulated under hypoxia conditions.
It has been related to ischemic brain damage but also promotes synaptic plasticity (41) . Thus, most of our findings in neurons pointed to brain plasticity processes being engaged in IC areas and this might be related to the time from stroke onset to death in the samples available for this study, with a range around 2 to 15 days after stroke in the experimental MS analysis.
BBB structures, in contrast to neurons, while undoubtedly affected by stroke, did not exhibit consistent exclusive pathways and functions altered after ischemia. Despite being surely influenced by the smaller sample size achieved for the MS analysis and consequently a powerless statistical analysis, these results might be also a direct consequence of a higher cell complexity in BBB structures, which are in close proximity with other cell types (i.e. astrocytes or pericytes) interfering in their pure isolation, or of a higher tolerance against the ischemic insult. It should be noted that only those cells preserving their morphology and structural integrity could be detected and isolated by LMD. There was, therefore, no proteomic information regarding neurons and BBB structures if they are extremely disrupted after ischemia.
The top candidates in our datasets were selected to be validated by immunohistofluorescence in independent tissue samples. Regrettably, some of the tested antibodies were found to be inadequate for immunohistochemical applications and precluded the validation of some interesting candidates. In other cases the differential time from onset to death, the postmortem interval or the tissue preservation method between the samples used in MS or in the validation assays, or the heterogeneity of the brain areas hit by stroke, might be influencing inconsistent findings. In the case of BBB structures, some false positive candidates were unmasked in the validation step. Although not completely verified, our findings on EAA2
and GABT still seem relevant for ischemic stroke.
The brain protein EAA2 (also named SLC1A2 and GLT-1 in rodents) is responsible for maintaining the glutamate balance in the synaptic cleft (42) . Although EAA2 is mainly an astrocytic transporter (42) it has also been detected in other brain cell types including neurons and endothelial cells (43) (44) (45) . Despite the fact that the mechanism that regulates the expression of EAA2 during ischemia is not fully understood, the stimulation of EAA2 has been shown to prevent neuronal damage after ischemia. This is probably due to the high glutamate clearance capability exhibited in the neuroaxis (46, 47) . In the present study, we detected a reduction in EAA2 expression in both, neurons and BBB isolated from the IC area, thus
showing a general response to the ischemic insult. These results are in line with previous publications that examined EAA2 expression in experimental models of ischemia (48) (49) (50) . However it is noteworthy that these results may vary between species (51) GABT is a mitochondrial enzyme responsible for the catabolism of gamma-aminobutyric acid (GABA), an important inhibitory neurotransmitter in the central nervous system, into succinic semialdehyde. After an ischemic insult, there is a substantial acute increase in extracellular concentration of GABA in the brain.
This minimizes the effect of extracellular glutamate, with the concomitant decrease of GABA synthesis probably due to an increase in glutamatergic activity (53) . As an increase in GABAergic activity decreases glutamatergic activity, several therapeutic approaches have been designed that aim to increase GABA's function after acute ischemia. These approaches have included the inhibition of GABT via the GABA transaminase inhibitor vigabitrin, which has shown a neuroprotective effect (53) . In concordance with our results, GABT was found to increase in gerbil brain hippocampus after brain ischemia (54) . In the human brain, GABT has previously been reported to appear irregular and granular in many types of neurons and glial cells in Alzheimer's patients (55).
The protein expression changes of SRSF1 and SAHH2 in regions affected by ischemia were completely verified in our immunofluorescence assays. SRSF1 (also known as SF2/ASF) is a serine/arginine rich protein with an important involvement in post-transcriptional gene regulation (56) . It participates in both constitutive and alternative splicing, RNA metabolism, RNA transport and translation (57) . The action of SRSF1 is essential for the regulation of angiogenesis and vascular senescence as it is involved in the generation of several vascular endothelial growth factor (VEGF) isoforms (58) and tissue factor or endoglin (59) . It has been also described that SRSF1 overexpression activates the mTOR1 signaling pathway, which plays a significant role in cellular growth and protein translation (59) . Thus, our results,
showing an enhanced expression of SRSF1 in the neurons of the IC region, might reflect the implication of SRSF1 in processes involved in tissue repair after ischemia. Interestingly, we also detected a clear translocation of SRSF1 from the neuronal nucleus to the cytoplasm after ischemia, which plausibly affects its function within the cell for all its pleiotropic possibilities. This compartment redistribution of SRSF1 is coordinated through phosphorylation by serine/arginine-rich protein kinases (SRPKs)(60-62) whose expression and location have also been found to be altered after brain ischemia (63) .
The protein SAHH2 (also known as AHCYL1 or IRBIT), highly expressed in the brain (64), plays an important role in the coordinated inhibition of Ca 2+ ion transporters through the inactivation of 1, 4, 5-triphosphate receptors (IP3R) and it is involved in neurite cone extension (65) . To the best of our knowledge, SAHH2 has not been previously explored in the context of stroke. Our results show an increased expression of SAHH2 in neurons from the IC area probably as a consequence of ischemiatriggered Ca 2+ mobilization.
Finally, we have explored the role of these 2 validated candidates as blood biomarkers to differentiate ischemic strokes from other neurological conditions and to assess stroke prognosis. Neither of them improves stroke discrimination, however, their particular biological functions associated with repair processes, suggest that they might exert a role in stroke prognosis estimation. Accurate and early stroke prognosis is essential to better evaluate the risks and benefits of stroke treatment and management and thus represents a unique opportunity for clinical interventions aimed at improving stroke outcome.
Furthermore, some of the proteins identified here exclusively in the BBB structures, might be interesting candidates to be assessed as biomarkers to predict hemorrhagic transformation, one of the most feared complications of rt-PA treatment in stroke patients and associated with BBB breakdown (66) . In this sense, as those BBB candidates could not be validated by immunofluorescence assay, such analysis was not explored here but further investigation is warranted.
In the assessed cohort, only SAHH2 appeared as a potentially valuable indicator of early stroke prognosis, with low circulating levels associated with neurological improvement. We found increased levels of SAHH2 in the IC brain regions of patients who finally died as a consequence of stroke and, in relation to this, higher SAHH2 levels in the bloodstream of patients with neurological deterioration. The association of SAHH2 with more Ca 2+ mobilization and glutamate excitotoxicity might explain the overexpression of neuronal SAHH2 in patients with enlarged cerebral lesions, who are prone to suffer poorer outcomes (67) . The release of cell content after neuronal death might be another plausible explanation, with more protein released when large damage occurs, although causality cannot be extrapolated here. Nonetheless, the discrimination of stroke outcome with SAHH2 showed a high sensitivity (89%) but with a moderate specificity (58%). The combination of SAHH2 in a panel with other prognosis biomarkers, such as cytokines (68, 69) or metalloproteinases (70) , might complement the evaluation of clinical outcome after stroke.
Moreover, the potential of SRSF1 and SAHH2, as well as other identified proteins through MS and/or bioinformatics analyses, as therapeutic targets seems promising and future studies might assess them to drive neuronal recovery therapies after the ischemic insult.
Our study had some limitations that need to be taken into account and should be addressed in future and larger studies. Although the stringent candidate selection criteria coupled with a verification step by immunohistofluorescence supports our findings, the number of patients included in the study is relatively small but ischemic stroke patients' brain necropsies are rarely achieved as they are not needed for diagnosis neither family counseling purposes. This limited sample size influenced also in the reliability of our MS statistical analysis through the parametric paired test available in Progenesis software, although similar lists of significant proteins were achieved by non-parametric tests (Supplementary Figure S2) . In addition, in spite of the fact that LMD allows the isolation of specific cell types, it is extremely difficult to isolate cells with complex morphology such as astrocytes using this technique. As a consequence, we
were not able to perform a proteomic characterization of these major brain cell types, which are highly relevant in brain ischemia. Finally, as a consequence of ischemia the appearance of subclinical edema or blood extravasation into the brain parenchyma can occur. Thus, we cannot discard the presence of proteins from the bloodstream, especially in IC regions.
Our work also has some strengths that should be highlighted. Although a different response to protein degradation processes cannot be dismissed between healthy and infarcted tissue, we have tried to control the influence of these processes in the best possible manner by using the non-affected contralateral side of the same brain as control tissue, being both samples obtained under the same conditions. The brain changes due to ischemia disclosed here were observed in a non-acute phase but they seem robust as they were found in brain samples obtained at a wide range of times after symptom onset. Following the presented approach, we identified and evaluated new proteins (SRSF1 and SAHH2)
in the context of brain ischemia.
In conclusion, we were able to describe changes in the protein expression profile from specific cerebral cell populations after stroke using a label-free MS quantification approach. These results contribute to increasing knowledge on the molecular mechanisms of ischemic stroke pathology. Moreover, we highlighted SAHH2 as an interesting candidate to be further assessed as a stroke prognostic biomarker.
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